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Abstract

:

The global shift towards sustainability is driving the electrification of transportation and the adoption of clean energy storage solutions, moving away from internal combustion engines. This transition significantly impacts lithium-ion battery production in the electric vehicle (EV) market. This paper summarizes specialized topics to highlight regional differences and specific challenges related to electric batteries, focusing on how pollution from gas consumption, distribution, usage, and lithium production affects society. EV batteries offer promising opportunities for a sustainable future, considering their economic and environmental impacts and the importance of understanding their lifecycle. This analysis delves into the recovery of materials and various methods for extracting lithium and manufacturing EV batteries. Efficient lithium recovery is crucial and globally significant, with liquid extraction presenting a more environmentally friendly option. By addressing these challenges, this paper provides an overview of the rationale behind supporting the future of EVs.
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1. Introduction


1.1. Overview of Electric Vehicles and Battery Technology


Electric vehicle (EV) batteries are rapidly becoming one of the most significant products of our time. As the climate crisis intensifies, it is imperative to find solutions that reduce greenhouse gas emissions. Traditional vehicles with internal combustion engines are major contributors to these emissions. In contrast, EVs are seen as a viable alternative since they emit no greenhouse gases during operation. The key to enabling EVs to function without internal combustion engines lies in the battery. The lithium-ion battery is the most popular choice for EVs due to its compact size, lightweight nature, and extremely high energy density [1]. Optimizing lithium-ion battery technology is crucial for enhancing the efficiency and performance of EVs, paving the way for a sustainable future.



1.1.1. Growth of the Electric Vehicle Market


The demand for EVs is rapidly increasing and is projected to soar in the coming decades, as illustrated in Figure 1. The global electric vehicle market is expected to grow significantly over the next decade. According to the International Energy Agency (IEA), the number of electric vehicles on the road is projected to reach 145 million by 2030 under current policy scenarios, with the potential to reach 230 million in an accelerated scenario. This growth is driven by government policies, declining battery costs, and increased consumer demand for cleaner transportation options [2]. Several factors contribute to this trend, with financial incentives being a major driving force. Initially, EVs were prohibitively expensive, but as technology has advanced and manufacturing processes have become more efficient, costs have steadily decreased. Additionally, the unreliability and rising costs of gasoline make EVs an increasingly attractive option, despite their higher upfront cost [3,4]. Moreover, societal trends are shifting towards greater environmental consciousness. Many people are becoming more aware of their contributions to climate change and feel good about driving vehicles with a reduced carbon footprint [5]. Many countries are aiming to reduce or eliminate the production of traditional vehicles while encouraging the manufacturing and adoption of EVs. The UK, France, Germany, the Netherlands, and several other countries have committed to the objectives of the Paris Agreement and are developing strategies to phase out the production of internal combustion engine vehicles (ICEVs) by 2040 [6]. Governments are also introducing supportive measures, such as purchase incentives and electricity subsidies, to encourage consumers to choose electric vehicles (EVs) in countries like Japan, Germany, Finland, France, and Austria [7,8]. These factors collectively suggest that the demand for EVs will continue to grow, reinforcing the positive outlook for the EV market [9].




1.1.2. Importance of Batteries in Electric Vehicles


An EV relies entirely on its battery to operate, allowing it to charge and run without an internal combustion engine. While gas-powered vehicles use fuel combustion to generate power, EVs use batteries that convert stored chemical energy into a continuous flow of electrical energy to drive the vehicle [11]. Consequently, the rising demand for EVs directly translates to an increased demand for batteries. The growth in lithium battery demand has been remarkable. In 2010, the demand was approximately 0.5 gigawatt-hours, which surged to 526 gigawatt-hours by 2020 and is projected to reach 9300 gigawatt-hours by 2030 [12]. Lithium batteries are highly appealing due to their ability to store and discharge large amounts of energy over extended periods with relatively low maintenance. These batteries are the cornerstone of EV functionality, necessitating ongoing research to enhance efficiency and optimize their production, usage, and end-of-life management.





1.2. End-of-Life Challenges for Electric Vehicle Batteries


One of the main challenges with large-scale battery use is managing their end-of-life phase. Although this issue has been relatively minor so far owing to the long lifespan of lithium-ion batteries and the recent surge in production over the past decade, it is expected to become significant around 2030 [13]. This is when many of the batteries produced in the last 5–10 years will start to reach the end of their useful life [14]. Fortunately, advances in battery recycling technology are being developed to address this impending challenge. The key will be integrating various recycling systems to ensure a smooth transition through the different stages of a battery’s lifecycle, from production to end-of-life management.



1.2.1. Environmental Impact of Disposal


The demand for disposing of EV batteries has surged, attracting significant interest from companies. EV batteries contain rare minerals and materials that are difficult to source, making the recycling process complex. While recycling is essential for nonfunctional or broken batteries, lithium-ion batteries can also be repurposed for other powerful applications, such as solar panels or power generators. These practices are more environmentally friendly than extracting new materials [15]. Although old EV batteries may no longer be suitable for vehicle use, they can still be repurposed in other fields, extending their lifespan and providing additional value.




1.2.2. Resource Recovery Opportunities


The need to conserve and recover valuable minerals from old EV batteries is increasing, helping to minimize environmental impact and promote a more sustainable future. Understanding the lifecycle of EVs and the process of mineral recovery is crucial, as it influences recycling practices and recovery methods. By optimizing these processes, we can reduce waste, minimize resource extraction, and lower carbon emissions [16]. This not only creates economic opportunities but also aligns global interests towards the production of cleaner energy.





1.3. Circular Economy Principles and Their Application


The concept of a circular economy focuses on reusing existing materials and products for as long as possible to reduce the need for raw materials and minimize environmental impact. Figure 2 illustrates the ideal lifecycle of a material within this framework. This approach can be applied across all economic sectors, primarily through recycling or repurposing materials. The benefits are significant: less waste production, reduced raw material extraction, and long-term cost savings. However, the widespread implementation of a circular economy is limited by current technological constraints and the lack of established processes for effectively recycling or repurposing many products. Developing these technologies and systems is crucial for expanding the circular economy across all sectors [17].



1.3.1. Circular Economy in the Context of EV Batteries


EV batteries exemplify how products can fit into a circular economy, primarily due to the valuable materials used in their construction. The lifecycle of EV batteries begins with the mining of rare raw materials such as lithium, cobalt, and nickel [19]. These materials are then used in the manufacturing process to create the batteries. With an average lifespan of 10–15 years, the critical question is what happens to these batteries at the end of their life [20]. By applying the principles of a circular economy, the materials from spent batteries can be stripped down and recovered. These reclaimed materials can then be used to manufacture new batteries, reducing the need for fresh raw material extraction. This process not only cuts down costs but also enhances efficiency and sustainability [21].




1.3.2. Objectives and Scope of the Review


The primary objective of this review is to explore pathways to a circular economy for EV batteries. This involves examining the properties and lifecycle of the batteries to understand their societal and environmental impacts and the importance of alternative end-of-life solutions. The review will then analyze how to implement circular economy practices within the lifecycle of EV batteries, including the necessary technologies. Additionally, it will discuss the potential environmental and societal impacts, existing challenges, and barriers that must be addressed. Finally, the review will outline what is needed for this approach to shape the future.






2. Lifecycle of Electric Vehicle Batteries


2.1. Battery Composition and Materials


When discussing EVs, it is important to recognize that various battery types are used, depending on manufacturer preference. The four main battery types used in EVs are lithium-ion, nickel-metal hydride, lead-acid, and ultracapacitor batteries [22]. For this paper, the focus will specifically be on lithium-ion batteries, as they are the most commonly used in the EV industry today. Lithium-ion batteries are preferred in the EV industry due to their long service life, manageable temperature range, and high energy efficiency relative to their physical size [23]. These characteristics make them ideal for a circular economy, as their longevity reduces the need for frequent replacements, thereby decreasing long-term material demand. However, the increasing prevalence of EVs, driven by a global shift towards reducing carbon footprints and enhancing sustainability, has led to a corresponding rise in lithium-ion battery production [24]. This increased production can counteract the reduced material demand benefits typically associated with the batteries’ long lifespan [25]. Understanding the detailed properties and lifecycle of lithium-ion batteries is crucial for integrating them into a circular economy model. This knowledge allows for the development of more efficient recycling and repurposing practices, ultimately supporting sustainability goals.



2.1.1. Overview of Battery Components


Lithium-ion batteries consist of four main components: the anode, cathode, electrolyte, and separator. The anode is the negative electrode, and the cathode is the positive electrode. These electrodes work together, with the anode releasing excess electrons into the external circuit while the cathode draws them in. The electrolyte serves as the medium through which electrons are transferred between the anode and cathode. Finally, the separator keeps the anode and cathode apart, preventing short circuits and helping regulate the strength of the electric current [25]. A schematic view of the battery is shown in Figure 3.




2.1.2. Identification of Critical Materials


When discussing the role of EV batteries in a circular economy, the first stage focuses on materials. The raw materials required to make a lithium-ion battery typically include metals such as lithium (with variations in alloys), manganese, copper, graphite, cobalt, nickel, and iron [27]. Figure 4 illustrates the composition of these materials within the overall battery [28]. These metals are chosen for their efficient properties, like conductivity and availability. However, not all materials required for these batteries are economically advantageous to obtain. For instance, cobalt can be expensive because it often needs to be sourced from unstable regions. Despite the cost, cobalt’s properties are crucial for better temperature management within the battery, making it difficult to find suitable alternatives [29].





2.2. Manufacturing and Use Phase


The manufacturing process for lithium-ion batteries begins with the selection of their cell type, which can be cylindrical, pouch, or prismatic. In the EV industry, cylindrical cells are typically used. The manufacturing process consists of three main stages: electrode preparation, cell assembly, and battery electrochemistry activation [31]. During the electrode preparation stage, a slurry is created from an active material, a conductive additive, and a binder. The active material, which facilitates chemical reactions that release electrons, can include lithium cobalt for lithium-ion batteries [32]. The conductive additive, often graphite, enhances electron flow between the cathode and anode [33]. The binder, usually a type of polymer, holds the active material and conductive additive together, functioning like glue [34]. The cell assembly stage involves assembling all the battery components into the final cell structure, ensuring it is ready for installation. The final stage, battery electrochemistry activation, involves cycling the battery to establish electrical flow throughout its components, effectively jump-starting its service life [35].



2.2.1. Environmental Impact during Production


The prevalence of EVs has surged in recent years. In an effort to reduce emissions and promote sustainable living practices, transportation has become a key area for implementing these standards, both on individual and governmental levels. However, this growth in EVs brings forth discussions about the environmental impact of their production, particularly the production of the lithium-ion batteries they require. This raises questions about the potential contradictions between the goal of creating a cleaner environment and the environmental footprint of battery production.



An important aspect to consider in the production stages of lithium-ion batteries is the environmental impact of raw material extraction. As previously mentioned, the materials used in lithium-ion batteries include various metals and alloys, which are natural resources. Extracting these materials requires a significant amount of energy, contributing substantially to the environmental impact of lithium-ion battery production [36]. The primary concern with this energy consumption is the associated carbon dioxide emissions. There is a positive correlation between the extraction of natural resources, carbon dioxide emissions, and the ecological footprint. This means that as the mining of natural resources increases, so too do carbon dioxide emissions and the ecological footprint [36]. The ecological footprint measures the amount of land required to sustain the demand for these resources. In summary, increased extraction of natural resources, such as the metals and alloys needed for lithium-ion batteries, leads to greater negative environmental impacts.



Another significant environmental impact of lithium-ion battery production comes from material preparation. After raw materials are extracted, they must undergo various processes before being incorporated into the final battery structure. These processes include sintering, grinding, spraying, coating, drying, and sieving. Each of these steps consumes a substantial amount of energy and resources, such as natural gas, to be carried out effectively [37].



Lastly, the electrode preparation stage in the production of lithium-ion batteries also significantly impacts the environment. During this stage, a slurry is created from active material, a conductive additive, and a binder. This process inevitably releases toxic vapors into the air through chemical reactions. Due to the known toxicity of these vapors, regulations are in place to contain them and prevent their release into the external environment [38].



Overall, the production of lithium-ion batteries for EVs has several negative environmental impacts. These include increased extraction of natural resources, higher carbon dioxide emissions, elevated energy consumption, and the creation of toxic vapors. While EVs are often seen as environmentally beneficial, the environmental effects of battery production can counteract this perception. It is crucial to consider these impacts across the different stages of production to fully understand the environmental footprint of EV batteries.




2.2.2. Considerations during the Operational Life of EV Batteries


Following the production stage, the next phase in the lifecycle of EV lithium-ion batteries is their operational life. This stage involves the actual use of the batteries within EVs. Key considerations during this phase include temperature degradation of the battery, charging practices, and the habits of EV users. From the standpoint of an EV manufacturer, producing a high-quality product is paramount. For EVs, this means ensuring that the lithium-ion battery, the vehicle’s power source, has a long service life. Many aspects of the operational phase are directly related to maximizing this lifespan. Therefore, the following considerations will focus on how various factors can impact the longevity of lithium-ion batteries in EVs.



The first consideration is temperature degradation of the battery. EVs are used wherever consumers are, meaning that these batteries can be exposed to a wide range of environments depending on the user’s location and the local climate. Seasonal variations pose a challenge to the longevity of lithium-ion batteries, as they may experience overheating in high temperatures or damage from exposure to low temperatures. This cycling of extreme temperatures can significantly reduce the battery’s expected service life. Lithium-ion batteries perform best at moderate temperatures, typically when they are in a state of storage. For example, in EVs, the battery is at an ideal temperature when the vehicle is not in operation [39]. However, this is impractical, as the primary purpose of the vehicle is transportation, not storage.



The second consideration is the consumer’s charging practices. EVs require regular charging, but the frequency and manner of charging can impact the degradation of lithium-ion batteries. A common charging routine among EV users is to fully charge the battery overnight, drive until the battery is nearly or completely depleted, and then repeat this cycle. This practice is harmful to lithium-ion batteries. Charging the battery for extended periods, such as overnight, can cause overheating, which contributes to battery degradation [40]. As mentioned previously, extreme temperature variations can negatively affect the battery’s lifespan. To promote a healthier charging cycle, EV users should aim to maintain a 20% charge at all times and avoid charging beyond an additional 50% at any given time. This balanced approach helps mitigate the thermal stress on the battery and extends its operational life.



The third consideration in the operational life of a lithium-ion battery is the driving habits of the EV user. Just as charging practices can influence battery health, the manner in which the vehicle is driven also plays a significant role. Battery degradation can vary based on the user’s routine driving patterns. For example, one user might commute to work five days a week, spending a significant amount of time on the highway at high speeds. In contrast, another user with a similar work schedule might have a shorter commute that only involves driving on smaller streets at lower speeds. These variations in driving conditions between users significantly impact the battery’s lifespan [41]. The user with the longer, high-speed commute is likely to experience faster battery degradation, whereas the user with the shorter, lower-speed commute imposes less strain on the battery, resulting in a longer lifespan.



Overall, the operational stage has a significant impact on the service life of EV batteries. Factors such as environmental conditions, charging practices, and driving routines all influence battery longevity. By understanding and optimizing these factors, users can enhance the efficiency and extend the lifespan of their EV batteries.





2.3. End-of-Life Phase


Following the operational stage, the end-of-life phase is concerned with the final disposition of the EV’s lithium-ion battery. Several options are available for battery disposal, including complete disposal, material recovery and reuse, or various recycling methods, which will be explored in detail later. However, each option comes with its own set of challenges, including potential inefficiencies and costs, which may impact the sustainability of the chosen method for the battery’s end-of-life phase.



2.3.1. Challenges in Battery Disposal


Before selecting a disposal method, it is crucial to consider the inherent challenges associated with battery disposal. These challenges include additional costs, limited opportunities for secondary applications, and the competitive market for new batteries.



One significant challenge is the additional expense involved in partial recycling of battery components. Specifically, the valuable metals within batteries, such as lithium and cobalt, are highly sought after. However, the cost of extracting these metals from used batteries is often higher compared to sourcing them through traditional mining. This disparity arises because the process of recovering metals from spent batteries is more complex and resource-intensive than mining new materials. Another challenge is the limited potential for second-life applications of used batteries. Second-life applications involve repurposing a used battery for a different function, such as using an EV’s battery to power industrial machinery. However, the chemical composition of lithium-ion batteries changes significantly over time, making it difficult to effectively repurpose them for new uses. The rapid growth in EV production has led to a competitive market for new batteries. As demand for new batteries increases, manufacturers compete by lowering prices to attract customers. This price competition reduces the incentive to seek out and reuse old batteries, making new batteries more attractive despite their lower cost [29].




2.3.2. Opportunities for Circular Practices


Despite the challenges associated with lithium-ion battery disposal, there are significant opportunities to integrate these batteries into a circular economy. The circular economic model envisions a cycle where end-of-life stages connect back to the beginning life stages, promoting sustainability and resource efficiency. While there are hurdles to effective disposal, they do not preclude the potential for reusing and recycling these batteries within a circular framework. Recycling methods, which will be discussed in detail in subsequent sections, offer a pathway to align with circular practices. Additionally, the EV industry is expanding rapidly, driven by increasing efforts to address climate change and enhance sustainability [42]. As the industry grows, so too will the regulatory frameworks designed to mitigate environmental impacts and promote the efficient disposal of EV batteries [43]. Government regulations and industry standards are likely to evolve, reducing the challenges associated with battery disposal and fostering more effective circular economy practices. Current strategies for integrating lithium-ion batteries into a circular economy are already in place and will be explored further in the following sections.






3. Circular Economy Strategies for End-of-Life EV Batteries


3.1. Battery Recycling Technologies


Battery recycling is crucial for sustainability, as it facilitates the recovery of valuable materials and reduces energy consumption. Recycling could potentially lower the primary demand by 25–64% between 2040 and 2050, according to projected demand figures. This suggests that waste streams might significantly contribute to meeting future raw material needs [44]. The battery recycling market is also projected to expand, with estimates suggesting that it could grow from USD 17.2 billion in 2021 to USD 23.2 billion by 2025, at a CAGR of 6.1%. This growth is fueled by the increasing adoption of EVs, stringent environmental regulations, and the rising value of recycled battery materials such as lithium, cobalt, and nickel [45]. In line with government policies that promote green initiatives, efforts such as those in Storey County, Nevada—where American Battery Technology Company (ABTC) has received over USD 70 million in U.S. DOE grants—are advancing the recycling and commercialization of battery metals to create a domestically-sourced circular supply chain [46]. Li-Cycle Corp., Toronto, ON, Canada, is a leading lithium-ion battery resource recovery company that operates several recycling facilities across North America, including Ontario, Canada. The company uses a proprietary hydrometallurgical process to recover up to 95% of all constituent materials found in lithium-ion batteries, including lithium, cobalt, and nickel. Li-Cycle’s approach not only helps mitigate the environmental impact associated with battery disposal but also ensures that valuable materials are efficiently reintroduced into the supply chain, supporting sustainability goals [47]. Northvolt, a Swedish battery manufacturer, is developing a comprehensive recycling program called Revolt, which focuses on recovering metals such as lithium, cobalt, and nickel from old EV batteries. Northvolt’s recycling facility in Vasteras, Sweden, uses a combination of mechanical and hydrometallurgical processes to achieve high recovery rates for valuable battery materials. The company aims to produce batteries with up to 50% recycled material by 2030, aligning with broader sustainability and circular economy goals [48]. The battery recycling employs different methods such as pyrometallurgical, hydrometallurgical, bioleaching, and direct recycling processes to efficiently extract and repurpose materials for new battery production. A flow chart of the conventional treatment processes of spent Li-batteries (LIBs) is given in Figure 5.



Pyrometallurgical processes involve high-temperature smelting to recover valuable metals, while hydrometallurgical methods use aqueous solutions to leach out metals, offering lower energy consumption. Bioleaching utilizes microorganisms to extract metals from spent batteries, presenting a potentially eco-friendly alternative. Direct recycling aims to preserve battery materials’ original structure, facilitating their reuse with minimal processing. Each method offers distinct advantages and limitations, and their combined use can optimize resource recovery and reduce environmental impact [50]. Table 1 provides a comparison of these recycling methods. These advanced technologies not only enhance the effectiveness of battery disposal but also contribute to the development of a more robust circular economy. By refining these recycling methods, we can improve resource recovery and reduce environmental impact, paving the way for more sustainable practices in battery management.



3.1.1. Overview of Existing Recycling Methods


EV batteries comprise cells that include a cathode, anode, electrolyte, and separator, arranged in series or parallel configurations. These batteries typically have a lifespan of around 10 years; however, factors such as overcharging and excessive discharging can accelerate their degradation [39]. As EV batteries approach the end of their useful life, they are often discarded or replaced with newer models. Repurposing or reusing these batteries for alternative storage applications presents an opportunity to extract additional value. The growing demand for materials used in EV batteries highlights their significance. This increasing demand underscores the importance of efficient recycling methods to manage the supply and sustainability of these critical materials.




3.1.2. Innovations in Battery Recycling Technologies


The rapid evolution of EV battery technology has significantly impacted both the transportation and production sectors. Advances in charging capabilities and vehicle design have not only improved performance and affordability but have also enhanced the safety and efficiency of discharging and recycling EV batteries. Companies like Li-Cycle, Redwood Materials, and American Battery Technology Company are developing proprietary recycling technologies to maximize material recovery and reduce environmental impact [55]. Innovations in battery recycling technologies are influenced by several factors, including advancements in processing techniques, supply-chain stability, decarbonization efforts, and regulatory pressures and incentives [56]. Research-driven improvements in these areas are helping to ensure the quality and efficiency of battery recycling processes. These developments support the goal of making recycling more effective and economically viable, while also securing local raw materials at competitive prices. Innovations in battery recycling technologies are also addressing the challenge of handling emerging battery chemistries, such as solid-state and lithium–sulfur batteries, which require specialized recycling methods. Efforts are underway to develop scalable processes for these new types of batteries to ensure they can be efficiently recycled as their use becomes more widespread [57,58]. Furthermore, advancements in machine learning and artificial intelligence are being integrated into recycling systems to optimize sorting, identify materials with greater precision, and improve overall recovery rates [59]. These technological advancements not only enhance the effectiveness of recycling but also contribute to the long-term sustainability and economic viability of battery recycling initiatives.





3.2. Second-Life Applications


EV batteries have a finite lifespan, but their repurposing and reuse offer valuable opportunities for creating alternative energy solutions. For instance, these batteries are increasingly being utilized in solar panel systems to store energy for use when sunlight or wind is unavailable [60]. Additionally, they are being employed in electric fast-charging stations that store alternative energy, fostering innovation in transportation infrastructure. Although EV batteries contain harmful minerals, their recycling could act as a catalyst for improving the environmental practices of the mining industry [61]. This not only helps reduce the carbon footprint but also promotes the growth of renewable energy sources. A utilization chain of an EV battery throughout its lifecycle is shown in Figure 6.



When an EV battery reaches the end of its life, there are several options for its management. One option is disposal, typically used when the battery is severely damaged or destroyed beyond repair, rendering it unsuitable for reuse. Another option is recycling, particularly valuable when the battery contains metals that can be recovered and repurposed for new applications. Additionally, reusing batteries can offer significant market value. Batteries with reduced capacity or remaining energy can be utilized in secondary applications that require lower energy levels [62]. As EV technology and battery storage continue to advance, the demand for raw materials for these second-life applications is growing, highlighting the importance of effective battery management. With the advancement of EV technology and battery storage solutions, innovations in battery diagnostics, predictive analytics, and automated processing are improving the management of end-of-life batteries. These developments enhance the accuracy of battery health assessments, increase recycling efficiency, and facilitate the adaptation of batteries for new applications. The growing demand for raw materials for second-life applications underscores the importance of effective and sustainable battery management strategies.



3.2.1. Reuse of EV Batteries for Stationary Energy Storage


Reusing and recycling EV batteries offers valuable opportunities to extend the life of newer batteries and support sustainability. Many EV batteries find a second life in stationary energy storage systems, such as power grids or backup power sources. These batteries can be repurposed for applications requiring lower energy levels or integrated into other energy storage systems [63]. Several companies disassemble old EV batteries, recover and recycle valuable components, and supply them to industries in need of these materials. Additionally, many independent companies are investing in recycling facilities, boosting the demand for cathode materials and increasing profitability. While battery recycling is not yet a critical issue, its importance is expected to grow significantly in the future as technology advances and secondary applications expand. For instance, companies like B2U are repurposing old EV batteries to create solar panels, which can maintain grid operations cleanly for over five years before being recycled into new batteries [64]. The recycling process for EV batteries typically involves four main steps. First, the batteries are collected and sorted based on their type and condition. Second, they are disassembled and discharged to safely remove any residual energy. Third, the batteries undergo pretreatment, which involves shredding them into smaller pieces to facilitate further processing. Finally, the materials are recovered using chemical processes [65,66]. To extract and purify the valuable materials, such as nickel, cobalt, and lithium-ion phosphate, different methods like pyrometallurgy, hydrometallurgy, and direct recycling methods are employed. Due to the complex nature of these materials, specialized techniques and equipment are required to effectively dismantle and process them [51].




3.2.2. Repurposing Batteries for Nonvehicular Applications


EV batteries, which convert and store chemical energy as electricity, inevitably experience degradation over time, leading to reduced capacity and performance. Factors such as temperature exposure and usage conditions can accelerate this degradation. When these batteries reach the end of their useful life, proper disposal is crucial to prevent environmental harm while maximizing societal benefits. While recycling is an option, it poses challenges, including potential contamination of wildlife and the high costs associated with extracting valuable materials like lithium, cobalt, and nickel through smelting. Repurposing offers a promising alternative to recycling. By finding new uses for degraded batteries, we can extend their value beyond vehicular applications. For example, Nissan has repurposed batteries to power streetlights in Japan, Renault has used them to back up elevators in Paris, and GM has employed repurposed Chevy Bolt batteries to support its data center in Michigan [67]. The Nissan Leaf Energy Storage Project is a notable example of repurposing end-of-life EV batteries for stationary energy storage. Launched in 2016 in collaboration with Eaton and a local utility, the project involves selecting and testing used batteries from Nissan Leaf vehicles based on their remaining capacity. These batteries are integrated into modular energy storage systems that are connected to the grid. The systems store excess renewable energy and provide backup power during peak demand, thus extending battery life and reducing waste while enhancing grid stability and supporting renewable energy integration [68]. BMW’s Second-Life Battery Systems represent another successful approach to repurposing EV batteries. The company utilizes batteries from its i3 and i8 models to create energy storage solutions for commercial and residential use. These repurposed batteries store energy generated from solar panels and release it during high-demand periods, demonstrating how extending battery life can contribute to energy efficiency and support the adoption of renewable energy sources [69]. As EV battery technology evolves and cathode materials become more complex, repurposing and recycling processes may face increased difficulty, particularly with newer, heavier batteries. However, advancements in technology present opportunities to streamline these processes. By focusing on direct recycling and repurposing, costs can be minimized and handling techniques standardized, potentially improving regulatory practices and fostering innovative partnerships within the industry [65]. Despite the challenges, there are significant opportunities for companies to develop technologies and strategies that enhance battery repurposing and recycling in the future.





3.3. Material Recovery and Resource Conservation


The transportation sector is undergoing a rapid transformation as automotive manufacturers shift from gas-powered vehicles to EVs. This shift has intensified the demand for key materials used in EV batteries, such as lithium, cobalt, and nickel, leading to significant advancements in extraction and processing technologies [70]. For instance, improvements in lithium retrieval methods have increased efficiency by over 80%, making the costs comparable to newly produced materials [21]. By the end of 2021, a total of at least nineteen critical materials recovery plants were set up across nine countries, including China, the United States, and Canada, with a combined capacity of around 322,500 tons annually [50]. As EV batteries approach the end of their lifecycle, the critical question arises: Should they be discarded, or can they be recycled? Proper disposal is essential to minimize environmental impact and maximize resource recovery. This is where Total Manufacturing Recovery (TMR) initiatives come into play [71]. A notable example is B2U, a company specializing in repurposing used EV battery components. B2U integrates these components into their solar panel systems, allowing them to store energy when sunlight is insufficient. When solar panels are not producing enough power, the repurposed batteries discharge energy back into the grid, functioning similarly to a generator [72]. This approach not only enhances the efficiency of renewable energy systems but also helps reduce the carbon footprint by providing a sustainable source of electricity for homes and businesses. By focusing on material recovery and resource conservation, companies like B2U are pioneering solutions that address the environmental challenges associated with EV battery disposal and contribute to a more sustainable energy future.



3.3.1. Recovery of Valuable Materials from Spent Batteries


Recovering valuable materials from spent batteries is crucial for environmental sustainability but presents several challenges. Spent batteries, once used in various settings such as households, offices, and schools, must be sorted and processed to extract reusable materials. The recovery process often begins with acid leaching, a technique that uses acids to dissolve metals and convert them into more soluble forms [73]. While this method is effective in extracting valuable metals, it can produce acid residues that may pose environmental risks. To address these challenges, both physical and chemical methods are employed. Physical methods, such as crushing and heating, facilitate the disassembly of battery components and increase the efficiency of recycling. Chemical methods, including hydrometallurgical and pyrometallurgical processes, are used to recover metals like lithium at high temperatures. These techniques enable the effective extraction of metals while minimizing environmental impact [74]. As demand for raw materials continues to rise, advancements in these recovery processes are essential to ensure sustainable management of battery waste and reduce the ecological footprint of battery disposal.




3.3.2. Strategies for Minimizing Waste and Environmental Impact


Processing plants that handle resources and raw minerals depend heavily on trucking for transportation and waste removal. This reliance results in significant pollution and substantial waste generation [50]. As populations grow and operational costs increase, the distances traveled by trucks lengthen, leading to higher CO2 emissions and further environmental degradation [75]. Despite discussions about the potential for newer technologies to address these issues, tangible progress in reducing the environmental impact of trucking in the industry has been minimal.



Figure 7 illustrates the challenges associated with Environmental Policy Stringency (EPS) and its impact on adhering to environmental policies. While EPS is designed to address and mitigate pollution in various areas, including air quality and greenhouse gas emissions, it often has limited influence on the mining industry. Instead, these policies are more focused on controlling broader environmental issues rather than directly regulating the specific practices of mining operations [76].



EV batteries have been shown to reduce gas consumption and waste, promoting cleaner and safer transportation. However, focusing solely on enhancing EV battery recycling without considering its environmental impact and energy lifespan could lead to significant consequences [77]. Effective long-distance travel requires a balance between reducing the carbon footprint of transport operations, minimizing fuel consumption, and transitioning to EVs. This shift results in increased distances for transporting raw minerals and materials [76]. While these changes contribute to energy efficiency and improved infrastructure, they also underscore the need for sustainable practices in both battery recycling and mineral transportation to ensure long-term environmental benefits.






4. Environmental and Social Impacts


4.1. Environmental Benefits of Circular EV Batteries


In a circular economy, the aim is not merely to recycle products at the end of their lifecycle but to extend the overall useful life of the products [78]. Although maintaining and repurposing these old products requires fresh raw materials, the environmental benefits of a circular economy are not solely derived from reducing raw material consumption. Instead, the primary advantage lies in decreasing the number of new EV batteries that need to be produced. This reduction results from a slower decline in the number of units in use, as these units are frequently refurbished or repurposed. Consequently, fewer batteries end up in landfills, and the cost of production decreases, leading to significant environmental and economic benefits.



4.1.1. Reduction in Environmental Pollution and Resource Depletion


The lithium industry significantly impacts the environment, from ecosystem destruction during mining to pollution during refinement, production, and disposal. Disposing of lithium batteries in landfills poses unique risks, including heavy metal contamination and the potential for fires [79]. A comprehensive cradle-to-grave lifecycle analysis by Bawankar et al. [80] utilized data from the Ecoinvent and BatPaC databases for NMC811 Lithium-Ion Batteries. They identified 15 areas where environmental impacts could occur, providing insights into the total lifecycle environmental impact, normalized results, weighted results, and the environmental impact during the use stage. Their findings revealed that, while unnormalized data highlighted resource use in energy carriers, land use, and fossil fuels as the top contributors to environmental effects, the normalized and weighted data indicated fossil fuels, energy carriers, and ionizing radiation as the primary contributors. The study emphasized that these findings were heavily influenced by the energy sources of the electrical grid at the production site. Therefore, a significant way to reduce the environmental impact of lithium-ion batteries is to manufacture them using an electrical grid powered by renewable energy. Additionally, the authors noted the substantial water usage required by the lithium industry. This issue has been highlighted by The New York Times, which reported significant water use as a point of contention between the lithium industry, environmental activists, and indigenous groups [81].




4.1.2. Contribution to a Sustainable Materials Lifecycle


To understand how EV batteries can contribute to a sustainable economy, it is essential to first identify their composition. The materials within these batteries can be reused or recycled into various products, depending on their nature. A typical lithium-ion battery comprises four main components: a positive cathode made of lithium and other metals, an anode made of graphite, a barrier that separates the two while allowing electron flow, and an electrolytic solution [82]. However, it is important to note that chemical changes occur in these materials over the battery’s lifespan, which contribute to the battery’s eventual failure. As electrons travel between the anode and cathode, a solid electrolyte film begins to form on the anode [83]. To make the graphite useful again, it must also go through the recycling process. Understanding these chemical changes is crucial for recovering and repurposing these materials effectively. While knowing how to recover materials is one step, applying them to create new products in a manner that supports a sustainable lifecycle presents a different challenge. Identifying potential new products that can be made from each of the spent components is essential for advancing towards a circular economy. For example, the cathode, due to its valuable metal content, is often directly recycled into new cathodes. This process varies depending on the recycling method. An emerging technique, known as “cathode-to-cathode” recycling, is being employed on a small scale by certain companies. This method involves extracting the cathode first to preserve it before processing the rest of the battery [84]. The preserved cathode can then be incorporated into a new battery. However, the majority of cathode material is typically shredded along with the rest of the battery, mixing with the electrolytic solution and the anode to form a material industrially referred to as “black mass” [84]. The goal during further processing of this black mass is to extract individual metals, as discussed in Section 3.3. In addition to lithium, these metals can include nickel, cobalt, and manganese [85]. Each of these metals has applications beyond being turned back into cathodes. For instance, nickel can be used to plate other metals, making them corrosion-resistant or serving as catalysts for chemical reactions. It is also crucial in desalination plants when combined with copper into an alloy [86]. Similarly, cobalt has various uses outside of batteries, such as in the production of airbags, hard metals, and diamond tools. Like nickel, cobalt can also be used for corrosion resistance and as a catalyst for chemical reactions [87]. The spent graphite anode offers several recycling options. Traditionally, graphite is used in products like writing implements, solid lubricants, and nuclear core stabilizers, or converted into graphene [88]. It can also be recycled into new anodes for lithium-ion batteries. Innovative recycling methods have emerged, allowing spent anodes to be transformed into cathodes for dual-ion batteries [89]. This versatility makes graphite a highly sustainable material, given the various ways it can be processed and repurposed. In fact, the recycling process for graphite is very competitive with the production of new graphite [90]. Additionally, beyond its conventional uses, pencil lead can be synthesized into a graphite–silica composite anode that performs comparably to standard lithium-ion battery anodes [91].





4.2. Social Considerations and Stakeholder Engagement


In society, the pervasive attitude of consumerism needs to be addressed to reduce the demand for raw materials, production, and prevent losses in the recycling cycle. This requires decreasing consumer demand and promoting the longevity of functional technology. For instance, cellphones are typically replaced every 12 to 18 months [61]. Shockingly, as of 2022, less than 5% of lithium-ion batteries are recycled globally, according to a division of the American Chemical Society [92]. This section will explore the current state of community involvement in recycling, societal attitudes, and external factors that both aid and hinder public participation in recycling efforts.



4.2.1. Community Involvement in Circular Battery Initiatives


To effect meaningful change, the environmental impact of lithium-ion batteries requires action on multiple levels, especially in policy, which will become increasingly relevant in the coming years. However, significant steps can also be taken at the local and business levels. Companies like Apple and Samsung offer trade-ins for their devices, providing credit toward new purchases or ensuring responsible recycling of old devices. Encouraging consumers to make fewer frivolous phone purchases could significantly reduce the number of discarded lithium-ion batteries. While trade-in policies are a good start, they do not necessarily mobilize communities toward broader action. It is crucial for governments to disseminate easily accessible information about which products contain lithium-ion batteries and their detrimental environmental effects. Additionally, providing convenient recycling options is essential to encourage responsible disposal and recycling of these batteries.



To create effective recycling policies, the United States could look to successful examples from Europe and other regions. For instance, Germany enforces a deposit scheme for plastic bottles and cans: consumers pay a deposit when purchasing these items and receive a refund upon returning them to the vendor [93]. This system contrasts with the American approach, where financial compensation is provided at the point of recycling, creating an incentive rather than an economic obligation. Germany’s approach effectively ensures a higher degree of participation in recycling, reflected in their leading global recycling rate of 69.1% as of 2022 [94]. In the United States, a significant issue is the contamination of recycling streams with nonrecyclable items—one in four items sent for recycling cannot be processed [95]. This discrepancy between public support for recycling and actual recycling behavior highlights the need for better public education and policy enforcement. Germany’s deposit system effectively educates consumers about what can be recycled by associating deposits with recyclable items. Even if consumers cannot return their recyclable items, they are more likely to recognize that these items should be recycled and take appropriate action. The United States could also consider policies from other countries, such as South Korea’s phase-out of single-use items like disposable cups [93]. This strategy increases recycling rates by reducing the total amount of recyclable material in circulation, thus improving the recycling percentage. These policy frameworks could be adapted to address the recycling of EV batteries, ensuring that valuable materials are recovered efficiently and environmental impacts are minimized.




4.2.2. Social Acceptance and Ethical Considerations in End-of-Life Practices


Current end-of-life practices for lithium-ion batteries are generally not socially accepted, despite strong public support for recycling. A qualitative survey conducted by the World Economic Forum found that 94% of Americans favor recycling, but only 35% actively participate due to a lack of convenient access [96]. This gap highlights the need for more public infrastructure to facilitate the recycling of waste, especially batteries, which require specialized processes. Many states with recycling initiatives have specific rules about what can and cannot be recycled, with processes in place to measure and manage the materials collected. An evaluation matrix by Ball Corporation identified Maine as having the best recycling performance in the United States, based on metrics for recycling cardboard boxes, PET bottles, various metals, glasses, and general packaging [97]. However, this evaluation did not include electronics recycling, underscoring a critical area that needs attention. Electronics recycling remains largely inaccessible to the public. Given the ubiquity of electronic devices in modern life, it is essential to make electronics recycling equally pervasive. One potential solution is to implement dedicated electronic recycling dumpsters in neighborhoods, allowing residents to dispose of their electronics conveniently. These dumpsters could be serviced on a regular schedule, integrating electronic waste management into the routine waste collection system and significantly improving recycling rates for lithium-ion batteries and other electronic components.



Aside from social considerations, there are significant ethical improvements to the lithium lifecycle as unit recycling becomes more viable. Strip mining in the lithium industry consumes excessive amounts of water and land, often at the expense of native tribes. This has led to protests from environmental and indigenous advocacy groups against further land development projects for lithium mines, including acts of civil disobedience such as setting up encampments on planned development sites [81]. In addition to encroaching on native cultural lands and disturbing local wildlife, lithium mining can have severe impacts on farming and agriculture. There are concerns that the water usage required for lithium mining operations could negatively affect local farmers by diverting water away from their livestock and crops [98]. By increasing the recycling of lithium-ion batteries, the need for new lithium mining could be reduced, thereby lessening the environmental and social impacts associated with mining. Theoretically, if more recycled units are used in manufacturing, lithium-ion battery production could rely less on mining, reducing the overall output demands on new lithium extraction. This shift towards recycling could help mitigate the negative effects on indigenous lands, local ecosystems, and agricultural activities, promoting a more sustainable and ethical lifecycle for lithium batteries.






5. Challenges and Barriers


5.1. Technological Challenges


The concept of a circular economy is still emerging within the EV battery industry. While EVs have gained popularity only in recent years, strategies for managing EV batteries at the end of their lifecycle are even less developed. As the number of batteries approaching the end of their useful life increases, it becomes crucial to address these challenges now. By doing so, we can ensure that valuable materials are not wasted or improperly disposed of. Proactively developing and implementing effective recycling and reuse strategies will be essential for managing the growing volume of end-of-life batteries and advancing the sustainability of the industry.



5.1.1. Limitations in Current Recycling Technologies


As lithium battery technology evolves rapidly, keeping pace with recycling advancements becomes increasingly challenging [51]. The EV industry, still in its formative years, is undergoing frequent trials of new battery designs to determine the most effective solutions. Ongoing modifications aimed at enhancing battery efficiency and vehicle performance continually alter the materials used, complicating the recycling process. Perfecting recycling methods will be difficult until the industry stabilizes and a well-established standard for effective battery design emerges over time.




5.1.2. Technical Obstacles in Repurposing and Second-Life Applications


Repurposing lithium batteries for applications such as home energy storage, grid integration, or low-speed EVs presents significant technical challenges [99]. One major hurdle is assessing the state of health (SoH) of the battery, as different applications have varying regulatory standards and performance requirements. Currently, the technology for accurately evaluating SoH is not advanced enough to facilitate the timely and efficient repurposing of lithium batteries [100]. Advances in research and development are essential to overcoming these obstacles and expanding the viable options for utilizing spent lithium batteries beyond their initial lifecycle.





5.2. Regulatory and Policy Challenges


Even with the ideal technology for recycling and repurposing batteries, its effectiveness would be limited without the appropriate regulations and policies to guide funding and define target applications. Given the rapid advancements in the industry, it is anticipated that growing interest will lead to more opportunities for refining these technologies and establishing the necessary frameworks to support their optimal use [50].



5.2.1. Evaluation of Existing Regulations and Policies


Currently, governmental legislation regarding battery recycling remains underdeveloped, reflecting the industry’s relative novelty [56]. Among the major markets, China leads with stringent regulations, and it is projected to have recycled 2.312 million tons of spent lithium batteries by 2026 [101]. In contrast, the U.S. lags behind, with only 1% of spent lithium batteries currently being recycled [102]. Recent advancements, such as the Infrastructure Investment and Jobs Act of 2021, have initiated funding for battery recycling programs [103]. Given the rapid growth of the industry, it is anticipated that new regulations and policies will emerge in the coming years to address technological advancements and ensure effective recycling practices, provided continued investment and development in this area.




5.2.2. Recommendations for Policy Improvements to Support Circular Practices


To establish a circular economy for lithium batteries, increased funding and support for battery recycling technologies are crucial. In the U.S., both national and local efforts must be intensified. Although some legislation related to battery recycling has been enacted, these measures need to be expanded to unlock the full economic potential of this burgeoning industry [104]. Enhanced funding and robust regulations would encourage more companies to innovate and develop safer, more sustainable recycling technologies, driving significant advancements in the sector.






6. Future Directions and Research Needs


6.1. Research Gaps and Opportunities


6.1.1. Areas Requiring Further Investigation and Development


Recycling presents a significant challenge in establishing a circular economy for EV batteries. For a truly circular economy, effective recycling is essential. The concept involves not only reusing old batteries to create new ones but also repurposing them for less demanding applications, such as energy storage in solar power systems, which can extend their operational life [105]. Achieving a nearly perfect cycle of resource use hinges on overcoming current recycling hurdles. One major obstacle in recycling EV batteries is the complexity of their disassembly. EV batteries are highly intricate and packed with a variety of cells arranged differently by vehicle brand and model. This complexity, combined with the diverse materials used in each battery type, makes disassembly and material extraction challenging. The urgent need is for new technology or solutions that address the challenge of separate extraction processes for various elements [106]. Batteries are often assembled with various methods such as adhesive bonding, welding, and other connectors, which complicates the separation of materials. Additionally, battery degradation over time affects recyclability by altering the battery’s form, which can pose health risks to those handling the recycling process [107]. This degradation contributes to the uncertainty in the recycling process, making it difficult to develop effective recycling solutions.




6.1.2. Potential for Interdisciplinary Collaboration and Knowledge Transfer


In the business world, battery knowledge is often closely guarded to maintain competitive advantage. While this secrecy serves business interests, it poses challenges for the engineering community, which relies on detailed data to understand battery lifecycles and improve technologies. Access to comprehensive battery information could lead to significant advancements in several areas. For instance, tracking the state of a battery throughout its life could enable the development of preventative maintenance measures. Additionally, understanding the battery’s condition at the end of its life would facilitate the creation of more sophisticated disassembly robots. An example is the robot Daisy, which uses −176 °F freezing air to detach batteries from iPhone bodies [107]. To enhance recycling and battery technology, there needs to be greater knowledge sharing among companies. Tesla, for example, has embraced the open-source movement to advance EV technology, making valuable insights publicly available [108]. Embracing similar collaborative approaches, including integrating robotics and AI, could lead to more efficient and effective battery management and recycling solutions.





6.2. Roadmap for Future Circular EV Battery Initiatives


6.2.1. Key Steps toward Widespread Adoption of Circular Practices


The discussion of circular practices for EV batteries encompasses two key aspects: the technology enabling these practices and the businesses or policies that support them. In Europe, for instance, the concept of European Conformity (CE) embodies a comprehensive approach to circularity. CE involves both forward processes—such as production, material use, assembly, distribution, and consumption—and reverse processes—like repair, reconditioning, remanufacturing, recycling, and disposal [44]. This system evaluates products at the end of their lifecycle to determine which circular practices they qualify for, ensuring that materials are effectively managed and reused. However, the effectiveness of these circular practices is also heavily dependent on the technology available. Advanced technologies are crucial for efficient recycling and repurposing, and without them, the potential benefits of circular practices may be limited. Thus, while policies like CE play a vital role in promoting circularity, they must be supported by technological advancements to fully realize their potential.




6.2.2. Collaborative Efforts and Partnerships for Industry Transformation


From a business standpoint, maintaining secrecy and competitiveness is often seen as a strategic advantage. However, this approach can hinder the advancement of a circular economy for EV batteries. Managers and executives within the EV battery sector should consider adopting circular business models (CBMs) as an innovative means to extend product lifecycles and unlock new value propositions. Such models could foster cross-company and sector-wide collaborations, which are crucial for advancing recycling and repurposing technologies [109]. Recycling technology must be highly sophisticated to efficiently extract all valuable materials from EV batteries. Developing unique recycling processes for each individual EV design is impractical. Instead, focusing on creating a few versatile recycling processes for common battery designs would be more efficient and cost-effective. Some organizations are already pioneering this approach. For instance, South Korea has initiated a groundbreaking public-private partnership to establish a sustainable EV battery ecosystem through a memorandum of understanding (MOU) [110]. Such collaborations demonstrate the potential economic benefits of forming a circular economy. Research indicates that partnerships between manufacturers and retailers can achieve higher collection rates and overall welfare benefits [111].



This study highlights that willing collaboration, rather than stringent policies, is more effective in promoting recycling while minimizing adverse effects on welfare.





6.3. Trends towards a Circular Economy


6.3.1. Future Scientific Breakthroughs in EV Battery Recycling


There are numerous untapped breakthroughs in EV battery recycling that remain unexplored. While various methods are being investigated, the effects of thermal treatment in an oxidative atmosphere on the microstructure and composition of cathode and anode materials remain largely unstudied [112]. As noted, degradation of batteries can produce harmful substances, but promising advancements are on the horizon. Recent developments offer hope: new recycling processes are being researched that do not require the use of expensive or harmful chemicals [113]. Previously, battery recycling was considered hazardous due to the use of toxic chemicals, but this perception is shifting with these innovations. As the industry evolves, particularly with the growing prominence of EVs over internal combustion engines, a diverse range of facilities, capabilities, and approaches will emerge as more companies enter the battery recycling space [114]. Given the rapid pace of technological innovation, the transition from ICE to EVs holds significant potential for establishing a sustainable circular economy for EV batteries.




6.3.2. Increased Interest in EV Battery Research


In an era of rapid technological advancement, it is crucial to keep the future in focus. Developing a circular economy for EV batteries involves two main aspects: engineering innovations and incentive structures. Research into EV technology is supported by various sources, including government grants (e.g., National Science Foundation, National Institutes of Health), corporate R&D, and nonprofit foundations [115]. While these stakeholders are invested in research, their motivations can vary significantly. A key challenge to achieving a circular economy is overcoming planned obsolescence—the practice where products are intentionally designed to have a limited lifespan, encouraging repeat purchases. Addressing this issue is crucial for promoting recycling. The EV battery recycling market is projected to reach USD 15.8 billion by 2030, growing at a compound annual growth rate (CAGR) of 32.1% from 2023 to 2030 [116]. This indicates that a circular economy is not only feasible but also economically promising. However, obstacles like corporate greed can impede progress. For instance, a study suggests that if consumer demand were strong enough, EV manufacturers would recycle all batteries without additional incentives [117]. Despite this, EVs face social challenges, including skepticism about their environmental benefits and perceptions of their “coolness”. If consumer pressure alone is not enough to drive a circular economy, government intervention becomes essential. Policies must be enacted to encourage collaboration and innovation in recycling. Suggested strategies include increasing funding for both incremental innovations and breakthroughs in recycling technology, supporting pilot projects that foster collaboration across the recycling value chain, and implementing market-pull measures to create a favorable economic and regulatory environment for large-scale EV battery recycling [27]. By aligning private sector interests with regulatory measures, we can foster a thriving, sustainable recycling ecosystem in this rapidly evolving technological landscape.






7. Conclusions


This review has explored various facets of the EV battery lifecycle, with a particular focus on achieving a circular economy. The crucial factor in this effort is managing the product’s end-of-life effectively. Implementing processes that enable the recycling or repurposing of all EV batteries once they are no longer usable is essential for closing the loop of a circular economy. Such practices would not only reduce costs and enhance efficiency but also significantly improve environmental and societal outcomes. Despite the current challenges in scaling these processes, it is evident that the future holds promising advancements. As the demand for EV batteries grows, technological innovations will likely address these emerging issues. With ongoing research and development, the solutions needed to establish a robust circular economy for EV batteries are within reach.



The lifecycle of an EV battery remains a significant unknown, which contributes to consumer skepticism about purchasing EVs. One of the primary obstacles facing the EV industry is the limited transparency regarding battery lifespan. Addressing this issue requires both corporate initiatives and government regulations to drive meaningful change. For example, Cox Automotive’s ALFRED system and health score aim to enhance transparency and build consumer confidence in EV transactions, akin to the trusted vehicle valuations provided by Kelley Blue Book for nearly a century [118]. While battery health is a critical concern for consumers, particularly those increasingly focused on environmental issues, there is also a demand for broader information beyond just battery life. To address this, the Global Battery Alliance (GBA) has introduced a novel approach to increase transparency. Their “battery passport” functions as a digital twin of the physical battery, capturing and storing vital information—such as provenance, composition, material flows, and manufacturing history—in a QR code [119]. This concept of maintaining a comprehensive record throughout a product’s lifecycle could revolutionize how we manage and perceive product histories. Although the initial focus on batteries may seem niche, the principles of this approach have the potential to drive significant changes across various industries and even influence broader economic behaviors. The rise of EVs is undeniable, but achieving a full transition from internal combustion engines (ICEs) to EVs requires substantial effort and ambition. As stated, “Making the 2020s the decade of transition to EVs requires more ambition and action among both market leaders and followers” [120]. While EVs are gaining traction, they are not yet dominating the market. They remain more expensive than ICE vehicles, and their environmental benefits are somewhat tempered by the current state of power grids. This transition is a complex and labor-intensive process. Replacing the established ICE infrastructure with a clean, efficient EV ecosystem demands comprehensive changes, including local community preparations for this shift. For example, in Michigan, state and local leaders are actively preparing for the growth of EV and battery production facilities by creating programs to equip the workforce with necessary skills [121]. Just a few decades ago, the concept of EVs was virtually nonexistent in the minds of most consumers and workers. The rapid development of the EV industry aims to replace the ICE sector in a relatively short time, but the pace of this transition is slower than many would like, given the environmental urgency. President Biden’s goal of achieving a 50% market share for EVs in the U.S. by 2030 underscores the high level of commitment needed [122]. While many countries have committed to this transition, the path to a circular economy for EV batteries is still in its early stages. Progress is being made at various levels, and while significant work remains, there is a clear and accelerating momentum towards a more sustainable future.
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Figure 1. Global sales growth and demand for EVs (reproduced with permission from [10]). 
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Figure 2. Circular economy model [18]. 
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Figure 3. A schematic diagram shows the lithium−ion battery’s components and working [26]. 
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Figure 4. Schematic diagram showing the various components of a lithium-ion battery (reproduced with permission from [30]). 
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Figure 5. Conventional flow chart of treatment processes of spent LIBs (reproduced with permission from [49]). 
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Figure 6. EV battery utilization chain throughout its lifecycle [62]. 
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Figure 7. Environmental policy stringency (EPS) index showing advantages of environmental policies [76]. 
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Table 1. Comparison of recycling methods [51,52,53,54].
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	Recycle Method
	Highlights
	Advantages
	Disadvantages





	Pyrometallurgical
	
	
Involvement of high-temperature for smelting of batteries.



	
Frequently used for extraction of Co and Ni





	
	
Simple process



	
High productivity



	
Industrial scale-capacity





	
	
Requirement of high energy



	
Emission of hazardous gases



	
Limited number of materials reclaimed








	Hydrometallurgical
	
	
Involves the use of acids and reductants



	
Most of battery components are recovered as metals (Cu, Al) or salts (Li, Ni, Mn, etc.)





	
	
Low energy consumption



	
Ease of operation



	
Low emission of toxic gases



	
Low cost



	
Higher energy efficiency





	
	
Complexity in the selection of chemicals



	
Waste water management problem



	
Higher consumption of reagents








	Bioleaching
	
	
Microorganisms such as bacteria or archaea are used to extract metals.





	
	
Environmentally competitive



	
Low cost



	
The addition of a proper catalyst can increase the rate of reaction and leaching yield





	
	
Higher processing cost and environmental impact



	
Slow process kinetics



	
Susceptible to contamination








	Direct recycling
	
	
Preserves cathode morphology with minimal processing





	
	
Low pollution



	
Low energy consumption



	
Less greenhouse gas emission





	
	
Still needs time to develop and mature
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